Chloroplasts contain the enzyme glutamine synthetase. Formation of glutamine by isolated chloroplasts is light-dependent and requires an intact outer envelope. Addition of exogenous glutamic acid, as well as nitrogen donors such as nitrite or ammonium, stimulate the synthesis of this amide. Photosynthetic generation of ATP satisfies the light requirement of glutamine synthesis. The process is supported by cyclic as well as noncyclic photophosphorylation.
The rapid passage of photosynthetically elaborated carbon into amino acids and protein in a number of species has aroused considerable interest in the chloroplast as an important cellular compartment of nitrogen assimilation (4, 5, 9, 14) . Among the first compounds labeled by 14CO, in algae and leaves in the light are alanine, aspartate, serine, glycine, and later glutamate (26, 27) , suggesting that the necessary enzymes and precursor pools exist in the chloroplast for the synthesis of these amino acids. Isolated chloroplasts of higher plants have been shown to incorporate "4CO2 into alanine, aspartate, and glycine (25, 31) .
During amino acid feeding experiments (25) , neither glycine nor serine were found to be accumulated or metabolized in either the light or in darkness by in vitro preparations of spinach chloroplasts containing a large proportion of class I plastids. However, these preparations were able to take up '4C-glutamate and rapidly convert it to '4C-glutamine in the light, but not in darkness. This conversion took place to the same extent with or without cofactors, ATP, NH,, or NO3-, indicating that the intact chloroplasts retained the enzymatic mechanism necessary to effect the transformation. The "4C from the added glutamate appeared only in glutamine. When the chloroplasts were swollen by osmotic shock, they lost their ability to synthesize glutamine (25) .
Recent work in this laboratory has shown that chloroplasts contain the enzyme L-glutamate-ammonia ligase (ADP, EC 6.3. 1 .2, more commonly referred to as glutamine synthetase, which catalyzes the reaction: glutamate + NH3 + ATP glutamine + ADP + Pi The cellular distribution and characterization of foliar gluta- ' This research was supported in part by Grant GB-35464 from the National Science Foundation.
'Present address: Department of Horticulture, Purdue University, West Lafayette, Ind. 47907. mine synthetase will be reported in a subsequent article. This report describes the kinetics of the reaction and the manner by which chloroplast glutamine synthesis is coupled to photosynthetic energy sources. (17) . The original method requires three separate solutions, each containing 0.33 M sorbitol, 0.02 M NaNOs, 0.02 M Na,EDTA, 0.002 M Na isoascorbate, 0.001 M MnCl2, 10' M MgCl,, and 5 X 10C M K2HPO,. In addition, the isolation medium, pH 6.1 (solution A), contains 0.05 M MES, and 0.02 M NaCl. The resuspension medium, pH 6.7 (solution B), contains 0.05 M HEPES, and 0.02 M NaCl, and the incubation medium, pH 7.6 (solution C), contains 0.05 M HEPES, and 0.005 M Na4P2O7 -10 H,O. Modifications of these media employed to protect the integrity of the labile pea chloroplasts included raising the tonicity of the osmolyticum, sorbitol, to 0.4 M in all three solutions, adding 0.50% (w/v) fatty acid-free BSA to the isolation medium, and omitting PPi from solution C because it created permeability (24) and solubility problems. In studies involving the uptake and assimilation of exogenous NH4, or NO2-by isolated whole pea chloroplasts, NaNO, was omitted from all solutions to eliminate adding any other external nitrogen source. All reagents were prepared CO2-free in order to avoid possible competition effects for ATP by Calvin cycle reactions.
MATERIALS
A chloroplast isolation procedure was adopted which preserves a high percentage of plastids in an intact condition. Ten 20 ,400 ergs Cm-2 sec-' from 700 to 750 nm, whereas the unfiltered white light source produced only 8420 ergs cm-' sec-1 over the same wavelength interval.
Reaction media contained variable concentrations of the following reagents in a final volume of 0.125 or 0.200 ml: "cold" carrier glutamic acid. NH4Cl or NaNO2, and purified "C-glutamate (about 0.25 ,Ci), all in solution C, pH 7.6; 0.05 ml of plastids in solution B, pH 6.7; and inhibitors or cofactors in solution C to final volume.
Incubations were initiated by adding the chloroplast resuspension to the reaction medium. The reaction tube was gently shaken at 25 C for the duration of the incubation. The reaction was terminated by rapidly adding enough ice-cold stop solution to make a final volume of 1 ml. The stop solution, pH 7.0, consisted of 0.02 M imidazole, 0.03 M glutamine, and sufficient NaF to make a final concentration of 10-M (7).
After the reaction was terminated, a 0.1-ml aliquot of the mixture was added directly to a 0.5 X 5.5 cm Dowex-1 (Cl) anion exchange column (200-400 mesh) from which the "fines" had been removed. The sample was chased by 1.9 ml of 0.01 M imidazole HCl-0.03 M glutamine, pH 7. Under these conditions, glutamic acid remains 100% bound to the resin while glutamine is 90 to 95% eluted (22) . Two ml of eluate from each column were collected directly into a scintillation vial, 10 ml of Bray's solution (6) were added, and radioactivity was determined with a Packard Tri-Carb liquid scintillation counter.
Quenching was corrected for by the method of internal standardization (33) . Thus, the amount of radioactivity eluted from a column at pH 7 is a quantitative measurement of glutamine synthesized.
A quantitative determination of the integrity of isolated chloroplasts in a preparation was obtained by one of two different methods, depending upon experimental restrictions: light-dependent, NADP-stimulated 02 evolution before and after plastids have been osmotically shocked (24) , and a phase contrast microscopic method of counting class I (intact) and class II (broken) chloroplasts. Class I chloroplasts were assumed to be those which appear bright, refractile, opaque, and birefringent around their edge when viewed at 1000 magnifications, whereasclass II were taken to be those which appear (25) , and since the plastids in this population were 60% intact, only the light-stimulated component of each reaction was corrected for 100% intact chloroplasts.
The light dependency of whole chloroplast glutamine synthesis and the stoichiometric requirement of glutamine synthetase for ATP suggest direct coupling of glutamine formation to photophosphorylation. By means of specific inhibitors of photosynthetic processes and controls of light quality, parallel correlations were tested between glutamine and ATP syntheses.
The controls of the experiment presented in (18) .
In their initial observations of glutamine synthesis by isolated chloroplasts, Santarius and Stocking (25) found no stimulation by exogenous NH4,, but additions were confined to no more than 10`M NH4C1. The data of Figure 2 from the present investigation confirm this observation, but also show that higher concentrations up to 102 M NH4' stimulate whole plastid glutamine synthesis above endogenous nitrogen levels. At any given concentration of exogenous NH4+, the absolute level within the intact chloroplast is unknown, although it presumably increases with increasing external concentration. It is known however, that such high NH4+ concentrations as used would maximally uncouple photophosphorylation if incubated with class II chloroplasts without a limiting membrane (16) . In the experiment of Figure 2 , for example, the plastid preparation made a maximum of 88 nmoles of glutamine from 125 nmoles of exogenous glutamate. This amount of incorporation reduced the total available concentration of NH4+ from 10-3 M to 2.96 X 10' M, a concentration which, if surrounding the phosphorylating membranes, could still uncouple significantly (16) . Of course the outer envelope may restrict NH4, uptake, but apparently it does so much less than glutamate uptake. Because the glutamate concentration in the standard assay is 50 times greater than the available NH4+ concentration, the possibility exists for eventual complete incorporation of free NH4+.
However, beyond 12 min of reaction time, NH4+ incorporation by pea chloroplasts ceases before complete exhaustion of NH4+ takes place. This is in contrast to the situation with isolated spinach chloroplasts in which glutamine synthesis was observed at an ever decreasing rate for at least 30 min (25) . It is possible that isolated whole pea chloroplasts are uncoupled more readily than those of spinach, so that glutamine synthesis stops after 12 min for lack of ATP. Because the isolation medium used was originally designed for maximum in vitro photosynthetic performance of spinach chloroplasts, it is also possible that the more rapid loss of activity by pea plastids reflects a lesser degree of suitability of the medium for pea.
It was concluded earlier that exogenous glutamate can penetrate rapidly into intact spinach chloroplasts (25) . However, the outer envelope of pea chloroplasts seems to offer significant resistance to the free passage of added glutamate. It proved impossible to saturate intact plastid glutamine synthesis under conditions in which NH4+ and ATP presumably were not limited (Fig. 3) . The view that the chloroplast envelope is only moderately permeable to glutamate is supported by the work of Heldt and Sauer (11) and Jacobson and Stumpf (15) . Heldt et al. (12) have shown that glutamate penetrates the envelope of spinach chloroplasts via the dicarboxylate translocator at about 10 ,umoles mg Chl-M hr1 at 4 C from a medium containing 1 mm glutamate. In the present investigation, pea chloroplasts were found to synthesize glutamate at a rate of 26 -.moles mg Chl-' hr-' (Fig. 2) Reports that 3-P-glyceric acid and triose-P, especially dehydroxyacetone-P, can leave the photosynthesizing chloroplast (3, 28) , and also that exogenous aketoglutarate can penetrate the intact plastid (8) The chloroplast is thought to be a site of localization of the enzyme nitrite reductase (21, 23, 29) . As such, plastids fed exogenous NO2-should be able to reduce nitrogen and support glutamine synthesis. Class I plastids are apparently able to take up and assimilate NO:-through NH4, and into glutamine in a pattern analogous to NH4, perse, with maximum synthesis obtained with 10-3 M exogenous NO2-(cf. Fig. 2 
